supplies of energy for those countries that have hitherto depended heavily on imported fossil fuel; (ii) Concerns that fossil fuel requirements will continue to rise worldwide; (iii) Concerns about dwindling fossil fuel resources; (iv) Concerns about the environmental impact of the increasing use of fossil fuels, a concern that has been exacerbated by the recent development and exploitation of methods 1 for extracting large amounts of natural gas that were hitherto deemed inaccessible. Among these concerns, the fourth has been the most amenable to scientifi c investigation. To appreciate the various scales that are involved, Fig. 1 plots atmospheric CO 2 content, measured since 1959, 2 as a function of time. For purposes of the present discussion, the National Oceanic and Atmospheric Administration (NOAA) concentration data, in parts per million volume, have been converted to gigatonne under the assumption that 1 ppmv of CO 2 in the earth's atmosphere has a mass of 7.8 Gt. From Fig. 1 , it may be seen that the amount of CO 2 in the atmosphere has been rising at a steadily increasing rate since measurements were fi rst taken, and that it is currently rising at a rate that exceeds 16 Gt per year. On the other hand, annual CO 2 emissions from fossil fuels are currently approaching 35 Gt per year, as can be seen in Fig. 2 . Concerns that there may be a causal link between the rising emissions from fossil fuel consumption and the increasing concentration of atmospheric CO 2 led to the establishment of an Intergovernmental Panel on Climate Change , 3 * the recommendations of which, in turn, led to the adoption by many countries of long-term goals for the reduction of carbon dioxide emissions. Efforts to reduce CO 2 emissions have focused, inter alia, upon support for the development and implementation of power-generating technologies based on renewable energy sources with low carbon footprint.
Hydropower is of course the classical renewable energy technology for those regions of the world with suffi cient water and appropriate topography. Nuclear power also has a low carbon footprint. However, increasing fears about other potential forms of damage to the environment, particularly following the Chernobyl and Fukushima disasters, have led to a slowdown in the construction of nuclear power plants in recent years.
Among the less fear-provoking renewable energy technologies currently under investigation, two stand out for their increasing technological maturity and decreasing cost: wind and solar photovoltaic (PV) power. For many situations, solar thermal power is also an effective substitute for fossil-generated heat. However, for reasons having to do with the variety and relative complexity of such systems, it is more difficult to make generalizations about their potential widespread deployment. Solar-thermal power will accordingly not be discussed in detail in the present paper. Nevertheless, the arguments that will be presented for the feasibility of introducing wind and PV power on a hitherto unprecedented scale should also apply to potential solar-thermal contributions if the appropriate technical and cost considerations are taken into account.
Cost considerations are naturally the principal factor that has impeded the utilization of renewable energy resources on a larger scale than is the case at present. However, costs have fallen substantially during the past two decades, driven down by increasing demand, which in turn has been spurred by various forms of government support. Historically, wind turbine technology achieved relatively low $/W plant costs before that of solar energy. As a result, there is currently far more installed capacity of wind than solar. Specifi cally, by the end of 2012, the amount of wind capacity that had been installed worldwide was approximately three times that of PV. 4 Figure 3 shows the growth of these two technologies since the year 2000. Figure 3 indicates a remarkable acceleration with time of the rates at which both of these technology types have been introduced in recent years. In 2012 alone, 45 GW of additional wind and 30 GW of new PV † went on line worldwide. 4 However, an important question that this paper addresses is whether this growth is fast enough to effect any signifi cant reduction in CO 2 emissions.
The "Global-scale magnitudes of fossil-fuel usage" section presents an overview of present trends in the world's use of fossil fuels and renewable energy sources, and emphasizes that not only is the overall usage of fossil fuels increasing, but also is electricity production from these energy sources. This fi nding is shown to hold, not only for world data when taken as a whole, but also for the energy consumption of each of the continental regions defi ned in Ref. 4 . Section "A wind and/or solar alternative: Scale and technical feasibility" estimates the scale of renewable energy plant implementation that would be needed to offset the growth rate of new fossil-fueled electricity generation (FFEG) plants in each region and discusses the technical feasibility of constructing PV and wind plants at such scales. The required scales are found to be considerably larger than the current rates of implementation, but construction on such scales is deemed to be technically feasible. Section "The cost of renewable electricity" estimates the corresponding costs of such a program and voices concern that fi nancing might not be available on such scales if conventional funding methods were to be called upon. This section examines a number of alternative ways in which the necessary capital might be raised. Section "Discussion" discusses the results and the last section presents the conclusions of this study.
Global-scale magnitudes of fossil-fuel usage

The world
To assess the present and potential impact of solar and wind generation, it is important to be aware of the position held by electricity production relative to overall fossil fuel consumption. To this end, Fig. 4 shows the trends 4 in world consumption of fossil fuels for electrical and nonelectrical purposes over the past twenty years.
From Fig. 4 it may be seen that electricity generation presently accounts for approximately 32% of the world's total fossil fuel consumption. Combining this fact with the 35 Gt total CO 2 emission from fossil fuels means that in 2012, approximately 11 Gt of CO 2 were emitted only by FFEG, which is comparable to but less than that year's increase in atmospheric CO 2 content. Figure 4 also shows that FFEG is rising both in absolute terms and as a percentage of total fossil fuel usage -in spite of attempts to increase the implementation of renewable energy technologies. Therefore, the two most urgent questions are: At what rate are renewable energy technologies being implemented at the present time; and how does this rate compare with what would be necessary to effect a reduction in CO 2 emissions comparable to the present rate of atmospheric CO 2 increase?
To answer these questions, Fig. 5 shows the trend in world electricity production, broken down according to its various energy sources. 4 Figure 5 reveals a number of important facts: First, that in 2012, close to 70% of the world's electricity was generated from fossil fuels, and that for the past 20 years, FFEG has been rising at an average rate of 415 TWh per year (dotted line). This is the order of magnitude that solar and wind would need to achieve to offer an alternative to the continued construction of new FFEG plants; Second, that of all the electricity-generating technologies with low carbon footprint, by far the most signifi cant are hydropower and nuclear energy; Third, that down at an almost imperceptible level come wind, solar, and what Ref. 4 refers to as "other" (i.e., geothermal, etc.). In this sense, impressive as the trend in Fig. 3 most certainly is, it is negligible compared to the scale that would be necessary to replace FFEG, and far too small even to level off the present increasing trend in FFEG construction. Figure 5 also shows a quadratic least-squares fi t (bold curve) to the FFEG data. The slope of that curve for the year 2012 is 539 TWh y number compared with the 415 TWh y −1 slope of the linear fi t will be emphasized in the section "A wind and/or solar alternative: Scale and technical feasibility".
Of course, the preceding global picture should more realistically be broken down into a country-by-country discussion. This is because many of the developed countries have already taken steps to reduce their CO 2 emissions, while others, being still in the development stage of their economies, may understandably have higher priorities. However, not to make the present discussion inordinately long, it will here be limited to the "continental" level, i.e., the paper will be organized according to the collective regions defi ned in Ref. 4 . Nevertheless, the simple numerical estimates used here can equally well be applied to obtain the scales relevant for each individual country. Figure 6 shows the FFEG of North America during the past 20 years, within the context of overall fossil fuel consumption in that continent. 4 It indicates that FFEG in North America has been rising at an average rate of 44.7 TWh per year during the past 20 years (broken line) and that electricity presently represents approximately 32% of all fossil fuel usage in this region. There is some indication that fossil fuel consumption has perhaps started to decline during the past 5 years. In particular, the quadratic least-squares curve (bold curve) yields a significantly better fit to the electricity data ( R 2 = 0.951) than does the linear fit ( R 2 = 0.778), with a negative slope of − 33 TWh y −1 (i.e., a decrease) for the year 2012. However, the extent to which this may be partially the effect of serious attempts to reduce emissions, but also a refl ection of the recent economic state of the world, is not yet clear. Figure 7 shows the FFEG of South and Central America during the past 20 years, within the context of that region's overall fossil fuel consumption. 4 It shows a linearly rising trend in FFEG, at an approximate rate of 12.5 TWh y −1 , and that electricity presently constitutes approximately 19% of the total use of fossil fuel in the region. This rate of increase is likely to be somewhat lower than reality, because Ref. 4 does not make a clear distinction between the use of biofuel for electricity production and for transportation: both being bunched together with solar, wind, and geothermal, under the label "other renewable sources". Since Brazil is famous for its use of bioethanol as a transportation fuel, the FFEG slope calculated in Fig. 7 might be an underestimate. Alternatively, were one to treat "other renewable sources" as contributing to a reduction in the nonelectrical uses of fossil fuels (rather than to a reduction in FFEG, as is done consistently throughout this study) the trend in FFEG for South and Central America would have a slope of 14.8 TWh y . Therefore, the truth probably falls somewhere between these two fi gures. 5 years in this region too. However, unlike the case for North America, a quadratic least-squares curve (not shown) does not yield a signifi cantly better fi t to the electricity data, or even a negative slope for the year 2012.
North America
South and Central America
Europe and Eurasia
The Middle East Figure 9 shows the FFEG of the Middle East during the past 20 years, within the context of overall fossil fuel consumption of this region. 4 It shows a linearly rising trend in FFEG, at an approximate rate of 33.5 TWh y −1 , and that electricity presently constitutes approximately 28% of the total use of fossil fuel in the region. Figure 10 shows the FFEG of Africa during the past 20 years, within the context of overall fossil fuel consumption of this continent. 4 It shows a linearly rising trend in FFEG, at an approximate rate of 16.2 TWh y −1 , and that electricity presently constitutes approximately 34% of the total use of fossil fuel in the region. Figure 11 shows the FFEG of the Asia-Pacifi c region during the past 20 years, within the context of overall fossil fuel consumption of this part of the world. 4 Figure 11 shows that electricity generation presently constitutes approximately 36% of the total use of fossil fuel in this region. A linear least-squares fi t to the FFEG data in Fig. 11 (broken line) yields a slope of 273 TWh y −1 ( R 2 = 0.960). This rate of increase is probably unrealistically low, because a quadratic least squares fi t (bold curve) provides a signifi cantly better fi t to the data ( R 2 = 0.995, compared to 0.960 for the linear fi t). For a quadratic fi t, the slope for 2012 is 468 TWh y −1 . The difference in these two slopes is so large that in the following discussion both the linear and quadratic growth possibilities will be discussed separately as regards their implications.
Africa
Asia-Pacifi c
A wind and/or solar alternative: scale and technical feasibility
Scale
The review thus far has emphasized electrical energy requirements, whereas electricity-generating plants are usually rated and purchased according to their name-plate power ratings. In the case of conventional power generation, the amount of energy generated in a year is simply the power rating, multiplied by the number of hours in a year, multiplied by the effective fraction of the year during which the plant was operating at full power (its so-called capacity factor). However, in the case of solar and wind plants, the amount of annual energy they generate, for a given name-plate rating, will depend upon the climatic features of the region in which they operate. For example, one well-documented 3.5 MW utility-owned PV system at Springerville in the Arizona desert yielded an average 1707 kWh y −1 per kW during its fi rst 3 years of operation. 5 On the other hand, PV plants located in Europe, owing to that continent's lower insolation levels, understandably produce lower annual energy yields per name-plate rating. 6 In a similar manner, the annual performance of wind plants will also depend upon local climatic conditions -wind rather than sunshine being the relevant 7 Therefore, to overcome this complication in a manner that is easy to correct for any specifi c situation of interest, the present paper makes a number of assumptions: Assumption 1a . For the sake of specifi city, it will be assumed that all new PV plants would give an annual yield of 1500 GWh GW −1 (i.e., a capacity factor of 0.171) no matter where they are located. This is a defi nite number that: (a), as Ref. 5 demonstrates, is achievable in some places; (b) can be corrected depending upon the solar radiation statistics for any particular site of interest.
Assumption 1b . Again for the sake of specifi city, it will be assumed that all new wind plants will have an annual yield of 1752 GWh GW −1 (i.e., a capacity factor of 0.2). Again, this (a) is manifestly achievable, as evidenced by Ref. 7 ; (b) can be corrected depending upon the wind statistics for any particular site of interest.
Using these assumptions, Table 1 lists the magnitude of the PV or wind plants that each of the regions under discussion would need to install each year , in order not to have to continue building new FFEG plants.
The table shows, e.g., that North America would need to install 29.8 GW of PV, 25.5 GW of wind, or some combination of the two, each year , to be able to obviate the need for new FFEG plants.
Technical feasibility
As a fi rst indication of the feasibility of such implementation, it is instructive to examine the amount of new renewable energy generating capacity that each of these regions actually installed during the year 2012. These fi gures are shown in Table 2 . 4 The encouraging picture that emerges, if one compares Tables 1 and 2 , is that North America's wind and solar installation during the year 2012 -if it could be increased by approximately 50% and continued on an annual basis -would be just about suffi cient to offset the need to construct new FFEG plants in that continent. In other words, North America probably has the necessary PV and wind manufacturing capacity for such a program. Somewhat more promising is the fact that Europe's construction of new renewable energy plants during 2012, if repeated each year, could actually change the sign of the past (upward) trend in Fig. 8 thus, not only obviating the need to build new FFEG plants, but also allowing the possibility of shutting down some of that continent's older power plants.
For South and Central America, the Middle East, and Africa, the introduction of solar PV and wind plants during 2012 was almost negligible when compared to those regions' rising construction of FFEG plants. However, because their rates of power plant construction have hitherto been much smaller than those of North America and Europe-Eurasia, the scale of solar and wind implementation in the latter two continents indicates that enough renewable energy technology could, in principle, be exported to the other three regions to enable them to halt the construction of new FFEG plants.
Asia-Pacifi c is the most problematic region. Here, the 2012 level of introduction of renewable energy plants would need to be increased by a factor of 5 to 6 and then continued on an annual basis. And this is based upon the linear fi t to the data in Fig. 11 rather than a quadratic fi t. If the latter is a more realistic indication of forthcoming needs, then the region would need to increase its annual introduction of wind and/or PV by a factor of 10 compared to its 2012 level. Therefore, perhaps the most . If these plants have a typical capacity factor of 0.6, then this translates into 1700 GW of new plant each week . To halt this growth in fossil-fuel usage, it would require the annual installation of 312 GW of PV, or 268 GW of wind, or some combination. To seek an answer to whether implementation on such a scale is feasible, it is instructive to examine the case of China, because that country has what is probably the largest solar and wind manufacturing capability in the world at the present time. Figure 12 shows China's use of fossil fuel for the past 20 years. 4 From these graphs, it is evident that electricity generation constitutes approximately 35% of the country's use of fossil fuel. Moreover, a linear least-squares fi t to the electricity data (broken line) indicates an average annual increase at the rate of 174 TWh y −1 . However, a quadratic curve (bold curve) provides a better fi t to the data ( R 2 = 0.992, compared to 0.924 for the linear fi t) and has a slope of 350 TWh y −1 for the year 2012. Therefore, to discontinue the construction of new fossil-fueled plants, China would need an annual installation of at least 99 GW of wind turbines or 116 GW of PV plants, or some combination. On the other hand, if the quadratic fit is more realistic, 200 GW of wind or 233 GW of PV would be needed -annually .
China
To assess how realistic such a program could be, one must ask: (a) whether PV plants can be constructed at the GW scale on an annual basis; (b) whether there is enough available land area to support such growth; and (c) Whether there is suffi cient manufacturing capability.
Scale and rate of introduction for China
On a visit to Gansu Province in China during the summer of 2012 the author was taken to a wind farm at Yumen, consisting of 1160 turbines, each with a rating of at least 1.5 MW, and a PV installation at Dunhuang with a name-plate rating of 1 GW. Therefore, GW-scale wind farms and solar PV installations are already a practical feasibility. Furthermore, the construction program for the coming years at Dunhuang is displayed prominently on a large on-site bill-board, as shown in Fig. 13 . It is particularly instructive. The upper block in Fig. 13 indicates that 7 GW of wind turbines are planned for introduction at this site by 2020. The middle block indicates that 8 GW of PV are to be constructed during the same time period, and the lower block indicates that 0.785 GW of solar-thermal plant will be installed there during that time.
All of this at a single site. If such a program is indeed carried out -and the first GW of PV was in evidence there in July 2012 ( Fig. 14 ) and ostensibly nearing grid-connection -it will demonstrate that it is feasible to construct GW-scale PV and wind plants on an annual basis.
Land requirements for China
There have been extensive studies on the question of land requirements for PV and wind as, for example, see Refs. 8 and 9 . However, in specifi c regard to China, a highly relevant item of information appears in the middle section of the bill-board in Fig. 13 . It specifi es the amounts of land area that have been allocated for PV and wind in this part of the country. They are 254 km 2 for 8 GW of PV and 960 km 2 for 7 GW of wind. This means that 31.75 km 2 of land have been allotted to each 1 GW of PV, and that each 1 GW of wind will occupy 137.1 km 2 of land. To see what these fi gures imply for the scale of installation posited here, consider fi rst the case of PV. Adopting the linear (quadratic) growth rate indicated in Fig. 12 : to install 116 (233) GW per year, China would need to allocate 3683 (7398) km 2 of land per year. An assumption here is that, if the quadratic curve is the more realistic fi t to the past growth, future growth need continue only linearly , albeit at the 2012 rate, rather than continuing to rise quadratically. An immediate question, whichever growth rate is decided upon, is: How long is such growth possible, or even necessary? Naturally an absolute upper, albeit unrealistic limit, is that growth is possible until the country is completely covered with solar or wind plants. However, in practice, there will probably come a time, whatever the technology used, when China will decide that the country has enough electricity generating capacity. Naturally, there is no way of knowing what that capacity will be; however, it is possible to make an intelligent guess.
As a hypothetical target, the case of Germany is instructive. In 2012, Germany had a population of approximately 81.3 million 7 and generated 617.6 TWh of electricity. 4 This translates into a per capita generation of 7596 kWh per year. Now, Germany is an example of a fully industrialized country, whose electricity needs are not being driven by population growth. It may thus be argued that the country has as much electricity as it needs for a comfortable life-style and a productive economy. It is therefore interesting to calculate how many years it would take China to reach the same per capita electricity generation that Germany enjoys today and what the land requirements would be for PV and wind. China's population and population growth rate are currently estimated to be 1.35 billion and 0.46% y Figure 15 reveals that at the lower electricity growth rate the target would be met by the year 2055, and at the higher growth rate the target could be met by the year 2029. In terms of land coverage, if all new plants were to be of the PV variety, the shorter-term target of 17 years would require 126,000 km 2 , equal to 1.3% of the total land area of China. The longer-term target of 43 years would require 158,000 km 2 , equal to 1.6% of the country's land area. These percentages of land coverage are comparable to the percentage coverage of the USA by highways 11 and hence are not unreasonably large.
In the case of wind, it has already been seen that China would need to allocate approximately 4 times the amount of land compared to the PV case. However, in that situation, the land between the turbines could be used for other purposes -including the insertion of PV panels in regions where agriculture is not feasible. Such dual land usage is already being experimented in the desert at Yumen ( Fig. 16 ) .
One may therefore conclude that by the massive introduction of PV technology, China could achieve similar per capita electricity generation as Germany for the expenditure of 1-2% of the country's land area, without the need to construct another FFEG plant. Furthermore, whatever power-generating technology is chosen, one notices that this target can be achieved by a linear rate of electrical growth into the future instead of the quadratic growth witnessed by the past 20 years of China's development.
Manufacturing capability of China
During each of the years 2011 and 2012, Chinese industry manufactured 20 GW of PV modules. 12 Such a production rate is clearly too small to enable the annual construction of PV plants with even 116 (not to mention 233) GW name-plate ratings. The simple solution -bearing in mind that there could be a potential export market of 126-161 GW per year for PV modules ‡ -might be to increase the number of existing manufacturing facilities in proportion to market requirements. However, there is also an alternative, which takes into account the possibility that concentrator PV (CPV) systems may become more suitable for desert sites than are today's non-concentrator systems. The reason is that CPV systems typically require three orders of magnitude less PV material than do conventional PV systems of the same power rating, as illustrated in Fig. 17 .
This proportion translates approximately into the amount of fl oor space per GW of the required cell fabrication plant. Therefore, if China were to convert 2% of its existing PV fabrication facilities to CPV, a single facility that today produces 400 MW y −1 of silicon cells could produce 400 GW y −1 of concentrator cells: enough, in principle, to supply the entire world, even if the quadratic fi t to Fig. 5 is taken.
Without the need for discussing wind any further, it should thus be clear that China has or could have all of the necessary PV/CPV manufacturing capability for enabling itself -and possibly the rest of the world -to forego the need to construct any more FFEG plants.
The other two major electricity producers of this region are India and Japan. The former, like China, would have no land allocation problems for PV 13 or wind 14 plants. On the other hand, Japan, on account of its relatively small geographic size, would probably need to resort to substantial amounts of offshore wind plants. 15 The cost of renewable electricity
Conventional cost metrics
In comparing the cost of different power-producing technologies, it is conventional to calculate the levelized cost of energy (LCOE) over the expected plant life. For this purpose, many factors need to be included, most of which are not important for the estimates of relevance to the present discussion. However, the interested reader will find a comprehensive discussion applied to all power-generating technologies, including the renewable variety, in Ref. 16 . A starting point for a full LCOE analysis is the installed cost of the plant. In the case of PV and wind, the installed costs of utility-scale systems have decreased substantially in recent years and this trend may be expected to continue as more large plants are implemented. A recent report 17 indicates that in 2011, large PV plants were being installed in the USA at quoted costs as low as 2.45 US$/W. In the case of wind, a recent Environmental Impact Assessment (EIA) study 18 indicates that for systems going on line in 2014, the so-called "overnight cost" § of land-based plants is 2.061 US$/W, but higher for offshore systems. For the case of specifi city, this paper accordingly makes:
Assumptions No. 2a and 2b : Both PV and wind plants can be installed at 2 US$/W for an entire system.
As in the case of the previous assumptions regarding annual energy output, these cost fi gures can be readily corrected for any specifi c case of interest. The precise values will not affect the second main point of this paper (in subsection "Alternative funding mechanisms") -which depends more on orders of magnitude than precise numbers.
Enough data and assumptions have now been assembled to enable an estimate of the capital expenditure (capex) that each region in Table 1 would need to construct PV and wind plants instead of new FFEG plants. For convenience, the numbers are shown in Table 3 . As a point of reference, Table 3 also estimates the capital cost of new FFEG plants under an assumed average installation cost of $1/W and a nominal capacity factor of 0.6. Modern FFEG plants are capable of being operated at significantly higher capacity factors. 16 However, the present estimates prefer a lower fi gure as being probably more representative of the manner in which FFEG plants are operated in regions that do not enjoy a well-developed and coordinated electricity grid. In any case, these fi gures are only intended to be indicative of the fact that the capex cost of FFEG plants is considerably lower than that of PV and wind plants.
In the case of FFEG plants, there is a second major ingredient 16 to the LCOE, namely the cost of the fuel that will be consumed during the plant life. Under the fuel prices that pertained when Ref. 16 was written, and the assumptions about fuel escalation rates made therein, the LCOE associated with fuel is typically of similar magnitude to the capex cost for the various types of FFEG plants, and in some cases, even more than the capex cost. Table 3 reveals that the capex needed for large PV and wind plants is roughly a factor of 5 larger than that needed for conventional plants of the same annual energy output, if realistic capacity factors and contemporary cost magnitudes are taken into consideration. As previously indicated, the effective ratio is actually smaller because fuel costs have not been included. However, a major financial obstacle to the large-scale implementation of PV and wind, irrespective of fuel costs, is that their fuel saving has to be paid for upfront. For example, one of the projections shown in Ref. 16 indicates that although coal and wind were expected to have similar LCOEs to one another by the year 2015, almost 40% of the coal plant LCOE would come from its fuel consumption, the saving of which, in the case of wind, would need to be paid for in advance.
Naturally, for all technologies, as illustrated in Ref. 16 one must also include interest rates; expected plant lifetimes and rates of degradation; operation and maintenance costs, and the availability of subsidies. However, in the case of very large systems, one must also consider the readiness of banks to underwrite such investments.
Up until the present time, funding for solar PV and wind plants has been available, because the governments of a number of major energy consuming countries have internalized many of the external costs of fossil fuel via the introduction of mechanisms that render the payback period on renewable energy systems reasonable in the eyes of banks and other investors. Such mechanisms include the imposition of a "carbon tax" in proportion to CO 2 emissions; tax relief for people and institutions who install solar PV or wind systems; a so-called feed-in-tariff, which requires utilities to purchase all solar-or wind-generated power at a guaranteed long-term tariff in excess of the present market price of electricity; and so-called "net-metering" that enables the PV system owner to use their own electricity and to sell only the surplus to the utility, thus obviating the need to pay retail prices for the portion they use. (Because there is an enormous literature and much controversy regarding the relative effi cacy of these support mechanisms, the interested reader is referred to the respective Wikipedia review articles as useful starting points.) However, in spite of these incentives, the systems that have been constructed under such scenarios are relatively small compared to those indicated in section "A wind and/or solar alternative: Scale and technical feasibility". For example, the largest PV system installed to date, outside China, has a DC power rating of only 400 MW. 19 Similarly, the largest wind farms outside of China typically have ratings of around 1000 MW. 9 By the previously stated assumptions, the largest extant systems would have had capex costs close to US$ 1 billion. However, for North America, Table 3 shows that if solar and /or wind was to obviate the need for any new construction of FFEG plants, capital would need to be available at the rate of US$ 50-60 billion each year. Correspondingly, on a global scale, the capex investment in solar and /or wind plants would need to be approximately US$ 0.5 trillion every year. It is thus by no means obvious that fi nancing on the GW scale would be available from the sources that have hitherto funded PV and wind on the MW-scale.
Alternative funding mechanisms
The previous section indicated that to be able to stop building new FFEG plants entirely, and to provide for the present increasing worldwide trends in electricity growth, the annual capex investment in solar PV and /or wind plants would need to be of the order of US$ 0.5 trillion per year. This sum is 2-3 orders of magnitude larger than the capex investment money that has hitherto been available for renewable energy plants. Furthermore, it is probable that except, perhaps, for countries with extremely strong economies and stable political systems, the necessary scale of fi nancing would not be available from banks or private investors. It is accordingly necessary to examine some possible alternative paths for raising this capital.
One previous suggestion 20 was to issue government-backed bonds that would fund a credit line for the construction of large PV. The model suggested in Ref. 20 involved the annual construction of GW-scale plants, which would start generating revenue, and hence returning investment costs, as soon as each went on line. For the specifi c examples of CPV plants given in Ref. 20 , it would take approximately 5 years for each plant to return its investment and approximately 20 years for a sequence of 15 plants to generate suffi cient annual revenue to fully fund the continued yearly construction of new plants. This ability of the revenues from existing plants to "breed" new ones on an annual basis was referred to as "Type-2 Sustainability". A 20-year bond issue would thus typically suffi ce to fund such a program. However, although such a funding scheme might be feasible for plants in the southwestern states of the USA, it is questionable whether a stable enough world market would exist that would enable the sale of US$ 0.5 trillion worth of new bonds every year.
Another possibility might be based upon the numerical coincidence that, according to a recent International Energy Agency (IEA) study, 21 annual fossil fuel subsidies are also approximately US$ 0.5 trillion. The authors of Ref. 21 already suggested that such subsidies might be better spent on renewables. However, the feasibility of transferring fossil subsidies to PV/wind would need to be examined on a country-by-country basis, particularly since "fossil fuels" in this context include subsidies for nonelectrical purposes, such as transportation fuel. But given that some portions of these subsidies are for electricity generation, the economics might turn out to favor a solar and /or wind alternative in certain cases.
By far, the most sustainable funding mechanism would be the imposition of an electricity consumption tax (ECT), the proceeds of which would be dedicated to the construction of appropriately scaled solar or wind plants, depending upon local climatic conditions. Some countries already impose such a tax, albeit not on a scale that enables them to cease the construction of new FFEG plants. Of course, the imposition of an ECT on the scale under discussion here would be fraught with problems, some of which will be discussed below. Nevertheless, an ECT would constitute a means of ensuring a constant flow of capital of the required order of magnitude, as will now be demonstrated.
One may obtain a fi rst approximation of the magnitudes involved, by dividing the capex cost of the required solar or wind plants for each region by the 2012 annual electricity generation of that region. For example, if the US$ 59.6 billion needed annually for PV plant construction in North America is divided by the 5157.7 TWh generated in 2012, 4 it will be seen that an ECT of 1.16 US¢/kWh would cover the turn-key costs of all the required new solar plants for one year. Alternatively, an ECT of 0.99 US¢/kWh would pay for the equivalent in wind plants.
At this stage, these numbers serve only an indicative purpose. The reader should not infer that wind is economically superior to solar. There will, of course, be locations within North America where this is the case, and others where the opposite conclusion will hold. Adjustment must also be made between the difference of electricity "production" (used for the present ECT estimates) and "consumption" fi gures that may vary substantially, depending upon location and the possibility of cross-border trading. However, the picture that emerges from this simple estimate is that an ECT would be a small addition to what most residents of North America are currently paying for electricity. Within the spirit of these same assumptions, Table 4 indicates the corresponding PV and wind ECTs for each of the regions. Table 4 shows that, costly as solar and wind technologies are commonly held to be when viewed as capex cost per kW relative to FFEG plants, if viewed as an addition to what most consumers already pay for electricity in the developed countries the additional cost is relatively small.
Discussion
The present study has indicated that the continuing worldwide construction of FFEG plants could in principle be replaced by a corresponding construction of solar PV and wind plants, and that an ECT could provide the necessary funding. A serious obstacle to the imposition of an ECT is that taxes are not usually designated for funding specifi c projects. Instead, governments normally try to use the proceeds of taxation, in as fl exible a manner as possible, for the overall benefi t of the economy. In this regard, to halt the production of new FFEG plants and replace them with any other kind of technology would itself constitute a serious disruption of an economic equilibrium that had hitherto been achieved as regards energy supplies, trade balances, employment, etc. Therefore, irrespective of the hardware under consideration or the method by which it is to be funded, the overall effects on the economy of replacing one kind of power production technology by another would have to be weighed with great care. Nevertheless, if climate change concerns were to become serious enough at international governmental levels to require such a technology change, then the foregoing analysis indicates that, huge as the required scale would be, PV and wind could obviate the need to build new FFEG plants and that an ECT could provide the necessary, assured, long-term funding.
In such a scenario, a related problem would be how to impose an ECT upon economically disadvantaged people, both within developed countries and, on a country-wide basis, in countries where such a tax would not constitute a small addition to existing electricity costs. This is an important social issue that is not covered in the present paper.
Two technical issues that would also need to be addressed, both of which would increase the costs discussed here, are short-term storage and long-distance transmission.
Since each of these topics requires a major discussion, attention here will be restricted to a small number of the most salient points. First, short-term storage (i.e., up to several hours) is for grid-matching purposes 22 : not for day-to-night purposes, because most utilities generate more nighttime electricity than they can sell. As regards daytime grid-matching, the problem starts to manifest itself when PV or wind plants become sufficiently large that there are times when they generate more power than the electricity grid can use. At such times, the employment of storage enables these surpluses to be used at later times when solar or wind generation is lower. However, a number of different site-specifi c studies 23 , 24 have found that storage would not start to become an important issue until the solar input approaches approximately 20-30% of total grid requirements. Such a state of affairs would normally take several years to achieve, even under the scale of the construction scenarios discussed here. In the case of China, Fig. 15 indicates that this level of penetration would be reached in approximately the fi fth year. To begin with, only the energy capacity property of storage would be important. However, as the PV or wind input gradually becomes the dominant grid supplier, the power capacity property of storage becomes correspondingly important. 25 This is because there would be times, particularly in winter, when storage is called upon to provide large amounts of power in short periods of time. Therefore, appropriate storage methods would need to be developed as part of the implementation of such a construction strategy.
There would also need to be a degree of regulation regarding the manner in which storage would be used. Specifi cally, it might turn out that local economic considerations could prefer the employment of storage for the arbitrage of night-generated energy from existing FFEG plants rather than for optimizing solar and wind input into the grid. The fact that under an ECT the public, rather than the utility, would have paid for the PV and wind farms, could contribute toward economic considerations of this kind. Such actions would need to be disallowed because on a wide-enough scale they could signifi cantly neutralize the benefi ts of PV and wind.
Regarding long-distance electricity transmission, there are grounds for cautious optimism, because ultrahigh voltage DC lines over 1000 km stretches are already a reality, and so-called "high-temperature" superconducting cables are becoming commercially available. It is thus reasonable to expect that in the time period under discussion, the costs of transmission will diminish in a signifi cant manner without the need for a major technology break-through. However, as with storage, there are a number of unknowns about transmission that would need to be considered by policy makers. Finally, it must not be forgotten that, as seen in Fig. 4 , the nonelectrical uses of fossil fuel are also rising. This rise must also be stabilized in any serious attempt to decrease the annual increase in CO 2 emissions. Part of this increase, notably in the transportation sector, could be provided by solar PV and wind, but this would increase all of the present size and cost estimates substantially.
Conclusions
The atmospheric content of CO 2 rose by approximately 16 Gt in 2012. A non-negligible contribution to this increase must surely have come from the 35 Gt of CO 2 emitted by fossil fuel consumption that year, of which 11 Gt came from fossil-fueled electricity. Therefore, if the purpose of introducing PV and wind is to reduce such emissions on a signifi cant scale, then a minimum consideration should be to halt all new construction of FFEG plants. Assuming that such an action could occur without causing economic havoc -itself a questionable assumptionthe present paper has discussed, on a continent by continent basis, the possibility of providing for the world's presently increasing electricity requirements by PV and wind technologies, and the implications in terms of hardware, land availability, and costs. It has found that, in principle, PV and wind could obviate the need to build new FFEG plants but the annual capex cost would be of the order of US$ 0.5 trillion. Three novel methods for raising such amounts were examined: government bonds for providing credit lines; transferal of fuel subsidies to renewables; and an ECT. It was found that bonds could be feasible in situations where there is a stable economy; but that subsidy transfer is questionable except perhaps in very limited circumstances. Among the three, only an ECT could be capable of providing a long-term source of funding for renewables on this scale. In many countries, notably in North America and Europe, such a tax would constitute a small addition to present electricity tariffs (i.e., of order 1 US¢/kWh) but in others it
